mammals. Many species in the orders Carnivora and Chiroptera act as reservoirs.
In recent decades, the epidemiological profile of rabies in Brazil has undergone profound changes, following investment in the National Rabies Prophylaxis Program by the Department of Health, with a primary focus on the control of canine rabies.
Additional factors that are believed to have influenced these changes are anthropogenic modifications related to the quality of the environment, ecotourism, demographic pressures and the illegal trade in wildlife.
Targeted rabies research activities in Brazil have led to novel epidemiological facets being identified and the suggestion that other species besides carnivores and bats may serve as reservoirs (Favoretto, Mattos, Morais, Alves Araújo, & Mattos, 2001 ).
For example, surveillance activities resulted in the detection and characterization of a distinct RABV variant in a non-human primate of the family Cebidae, genus Callithrix. Although at least six species belonging to the genus Callithrix are endemic in Brazil, only Callithrix jacchus (the white-tufted marmoset) was found infected with RABV.
According to Ministry of Health data, at least 19 human rabies cases with this source of infection were registered in Brazil between 1990 and 2016, and at least 59 cases of rabies in this species were reported.
White-tufted marmosets, so-called because of their prominent white ear tufts (Bicca-Marques, Silva, & Gomes, 2006) , are found in the Atlantic Forest region, within Caatinga biomes (i.e., stunted, sparse desert forests) and in habitats with low-growing trees. They are highly adaptable to areas that have been disturbed by fragmentation and are a source of concern to conservation biologists because they can occupy multiple habitats, hybridize with native congeners, prey on representatives of the local fauna and transmit disease.
The objective of this paper was to describe the emergence of RABV within C. jacchus, as a new proposed reservoir in the northeast region of Brazil.
| MATERIAL S AND ME THODS

| Samples
The post-mortem brain samples used in the study were from marmosets (n = 6) and humans (n = 6) with suspected RABV infection and were collected between 1998 and 2015 in several municipalities in the states of Piauí (PI), Ceará (CE) and Pernambuco (PE), all in northeastern Brazil (Figure 1 ).
| Fluorescent antibody test and Mouse inoculation test
The suspect cases were diagnosed using the fluorescent antibody test (FAT) to detect RABV antigens in brain impressions (Dean, Abelseth, & Atanasiu, 1996) , and RABV was isolated using the mouse inoculation test (MIT; Koprowski, 1996) . The standard laboratory RABV control used in all the tests was the challenge virus standard (CVS) strain.
Impacts
• Since the late 80s, rabies virus (RABV) has been isolated from samples from Callithrix jacchus in north-eastern Brazil.
• Between 1990 and 2016, 59 cases of rabies in this species were reported and at least 19 human rabies cases with this source of infection were registered in Brazil.
• The data presented here strongly support the concept that this non-human primate is now a new reservoir for rabies in this region 
| Antigenic analysis
The cases were characterized antigenically by indirect immunofluorescence testing using touch impressions of brain tissue taken from mice infected with the samples under study. A panel of eight monoclonal antibodies against the viral nucleoprotein (N-Mabs) kindly provided by the Centers for Disease Control and Prevention (CDC), Atlanta, GA, USA, was used as previously described (Diaz, Papo, Rodriguez, & Smith, 1994) .
| RT-PCR and DNA sequencing
Total RNA was extracted from human and marmoset brain samples with TRizol ® Reagent (Invitrogen Carlsbad, CA) according to the manufacturer's instructions. Aliquots of CVS and distilled water were used as positive and negative controls, respectively.
Reverse transcription and polymerase chain reaction (RT-PCR) of the partial nucleoprotein gene was performed using the Início sense primer (5′ ACGCTTAACAACAARATCARAG 3′) and P784
antisense primer (5′ CCTCAAAGTTCTTGTGGAAGA 3′), as previously described Soares et al., 2002) . To generate genomic amplicons, double-stranded genome-length cDNA was synthesized using a primer targeting the trailer region of the antigenomic RNA (Oliveira, 2014) .
The amplified DNA fragment and the whole-genome amplicon were purified with the GFX™ PCR DNA and Gel Band Purification kit (GE Healthcare, Little Chalfont, Bucks, UK) and visually quantified with a Low DNA Mass Ladder (Invitrogen).
The purified 12 kb amplicons were quantified using Quant-IT HS reagents (Invitrogen, Life Technologies, Carlsbad, CA), and approximately 1 ng of each was used in a fragmentation reaction mix using a Nextera XT DNA sample prep kit according to the manufacturer's protocol. Briefly, fragmentation and tagmentation of each product were performed simultaneously by incubating the product for 5 min at 55°C followed by incubation with NT buffer for 5 min at room temperature. (Pessôa et al, 2014) .
| Phylogenetic analysis
The complete genome and a 521-nt fragment corresponding to the N gene located between nucleotides 209 and 729 of the PV virus (accession number M13215.1) were analyzed.
For the partial N gene, the raw sequencing data were edited using CHROMAS version 2.31 software (Copyright© 1998 (Copyright© -2005 Technelysium Pty Ltd.). The final sequences were aligned with 156 RABV genome sequences retrieved from GenBank using the MUSCLE method with Mega 7 (Kumar, Stecher, & Tamura, 2016 ).
The resulting alignments were then used to build a maximum-likelihood phylogenetic tree based on the general time-reversible model (I + G) with 1,000 replicates for statistical bootstrap support in Mega 7 (Kumar et al., 2016) . The identities between the aligned sequences were calculated in Excel using a nucleotide identity matrix calculated with Bioedit 7.2.5 (Hall, 1999) .
After the genomic amplicons had been sequenced in an Illumina
MiSeqTM, the reads were assembled without the use of reference genomes (de novo assembly) in CLC Genomics Workbench 6. When the assembled contigs in a genome were smaller than expected based on the size of the sequenced PCR fragment, they were extended by mapping the reads to the reference with 95% similarity and without gap opening or by using de novo assembly with the same similarity criterion in Geneious 6. Both the extended and the de novo assembled contigs had their reads mapped to the reference again and were evaluated in terms of their variability based on the number and quality of reads using the quality-based variant detection function in CLC Genomics Workbench version 5.5.
Low-quality sequences were removed from the analysis, that is, sequences with a Phred quality score lower than 20 using at least 100 reads per site and applying a penalty for homopolymer regions (a quality reduction of 30% for every additional base). After editing, the regions of the RABV sequences corresponding to the Início and
Final primers were removed.
The final genomic sequences were aligned with the same 156 genomic RABV sequences used for partial nucleoprotein analysis using the MUSCLE method in Mega 7 (Kumar et al., 2016 ).
| Descriptive analysis of genome sequences isolated from marmosets
The descriptive analysis of genome sequences of RABVs isolated from marmosets in this study was performed with BioEdit v. 7.2.5 (Hall, 1999) .
| Analysis of amino acid substitution
Based on the topology of the genome tree, both genetic lineages isolated from C. jacchus Ceará (CJ-CE) and C. jacchus Pernambuco (CJ-PE) were analyzed for mutations and fixations of specific amino acids in relation to the proposed hypothetical ancestral RABV lineage Lasiurus (LI). The analysis was performed manually using genomic alignment and BioEdit 7.2.5 (Hall, 1999) .
| Nucleotide sequence accession numbers
The nucleotide sequence data for the genome and partial nucleoprotein gene were submitted to GenBank. The accession numbers are shown in Table 1 .
| RE SULTS
| FAT and MIT
All brain samples from marmosets (n = 6) and humans (n = 6) were positive for the detection of RABV antigens and isolates by the FAT and MIT.
| Antigenic typing
None of the samples showed an antigenic response to the panel of N-Mabs that matched the reactivity patterns of the antigenic variants defined previously (Table 2 ). However, all of the samples had the same antigenic reactivity pattern.
| RT-PCR
The 12 samples were positive by RT-PCR and yielded either an 869-bp or ~12-kb fragment (Table 3) . No amplification was observed in the negative control.
| Phylogenetic analysis
The 12 
Vampire bat (Desmodus rotundus)
Tadarida brasiliensis
Lasiurus cinereus
Callithrix jacchus
Note. NM: no match-did not match any of the antigenic variant patterns; V: weak reaction.
TA B L E 2 Reactivity patterns for different antigenic variants using monoclonal antibodies (11,878[9] nt between nucleotides 23 and 11,911) were analyzed with the same 156 RABV genomic sequences retrieved from GenBank.
In the phylogenetic tree constructed with the rabies genomes, The intracluster and intercluster identities of the nucleotides for the genomic and partial N-gene sequences are shown in Table 4 .
| Descriptive analysis of genome sequences isolated from marmosets
Two of the three isolates had the same number of nucleotides in the 
| Analysis of amino acid substitutions
Inferences based on the genomic tree suggest that the probable origin of the two RABV lineages specific to the white-tufted marmoset found in this study may be the North American L1 lineage. This is the probable common ancestor for this dataset that gave rise to the lineages related to C. jacchus, the lineages maintained by the
North American insectivorous bats Lasionycteris noctivagans (LN)
and Perimyotis subflavus (PS) and the continental lineage maintained throughout North America by different bats of the genus Lasiurus (LX, LS, LC, LB). This is also known as "Lasiurus Americas" (Oliveira et al, 2010) , as observed in Figure 2 , specifically in the region marked by a rectangle. The probable substitutions of specific amino acids in the CJ-CE and CJ-PE lineages in the genomic sequences and partial sequences of the N gene were analyzed in relation to the common ancestral lineage (L1) and brother groups (LN, PS and "Lasiurus Americas"). These substitutions appear to represent a putative molecular adaptation of these lineages to this new proposed host (Table 5 ).
This analysis revealed 69 substitutions of specific amino acids in the putative N, P, M, G and L proteins in the CJ-CE and CJ-PE lineages, both in relation to the common ancestral lineage (L1) and the other three closely related lineages (LN, PS and "Lasiurus Americas"). The marmosets bit two handlers, who were given rabies prophylaxis and did not develop the disease. The animals were aggressive, growling, producing abnormal vocalizations, exhibiting convulsions and making abrupt movements or displaying frenetic activity. Of the four captured, three died a few hours later and the other remained under observation for four days, during which time clinical signs compatible with rabies were observed, before the animal died.
| D ISCUSS I ON
The carcasses of this and two other animals were examined at the A study using a panel of monoclonal antibodies from the CDC (Atlanta, GA, USA) and samples isolated from both humans and marmosets in the state of Ceará (Favoretto et al., 2002) revealed the existence of an antigenic variant of RABV different from that of all previous isolates. This RABV variant also had a different genetic profile (Favoretto et al., 2001) and, as in the present study, did not segregate into the specific clusters formed by isolates from bats and carnivores. The original mode of infection to the marmosets is not known, but it is assumed that other wild animals must have contributed to the original focus of rabies in the marmoset population. Several different species of bat may have been involved as primary vectors (Constantine, 1971 ). The marmosets may have been infected by direct contact with these infected bat species.
Although interspecific contacts of this type (marmosets and bats)
have not been reported to date in the natural environment, this type of interaction must have occurred at some point in the past. F I G U R E 2 Phylogenetic tree inferred by maximum-likelihood analysis of genomic sequences. The clusters are colour-coded according to the classification proposed by Bourhy et al., 2008 , Kuzmin et al., 2012 
Spillover of different several RABV lineages between bat species
has already been well documented (Albas et al., 2011; Guarino et al., 2013; Kobayashi et al., 2007 Kobayashi et al., , 2005 Menozzi, Oliveira, Paiz, Richini-Pereira, & Langoni, 2017; Oliveira et al., 2010) . Crossing of the interspecific bat-marmoset barrier has been reported previously and in this report.
As shown in the genome tree, the three RABV isolates from marmoset studied here segregated into two independent clusters, with a degree of identity between genome sequences that characterize them as two distinct lineages and were not related to any other antigenic variant or genetic lineage identified to date (Figure 2 ). The topology of the tree suggests that specific marmoset lineages probably originated from the same common RABV ancestor that gave Furthermore, the existence of specific amino acid substitutions in the lineages found in marmosets (Table 5 ) in relation to the probable ancestral lineage (L1) and brother groups (LN, PS and LX/LC/ LB/LS) suggests adaptations of specific molecular interactions of the proteomic and metabolomic networks in the biological and adaptive system represented by the virus/host-cells interaction in C. jacchus (Borucki et al., 2013) . In the six samples of the CJ-CE lineage, for which a 521-nt fragment of the N gene was sequenced, the same substitutions were observed in the two samples for which the whole genomes were sequenced.
The 
Genetic identity analysis for this fragment (521 nt) indicated
concordance with the intraspecific genomic identity for the CJ-CE lineage, the only cluster for which this comparison could be made (Table 4 ). The intraspecific identities of the CJ-CE and CJ-CE/PI/PE clusters would be sufficient to group their respective representatives in separate lineages. However, as to date, there are no defined and accepted criteria regarding which genes or which fragments of these should be used to define the cut-off points between lineages or indeed the values of these cut-off points, further studies should be conducted to confirm this probable third lineage. 
This report herein is somewhat unusual, in that a RABV lineage has been described for which the putative N protein has 449 amino acids, when 450 would be expected. This occurred because the last codon of the N gene was replaced by a TGA stop codon (Figure 4 ). would need to be sequenced. Nevertheless, the absence of amino acid 450 in these three isolates appears not to be interfering with their replication cycle and could potentially represent an adaptation of this lineage to a new reservoir (Borucki et al., 2013) . The identity of this genetic lineage appears to have been conserved over time, with specific variations according to the geographic region, especially in the case of the isolate from Pernambuco.
Comparative studies of a 229-nt region of the N gene from the current isolates, as well as data on isolates deposited in GenBank, confirm that the identity of the isolates is retained over time and that variations occur according to the specific geographic region (Favoretto et al., 2001 ).
Using the same dataset as in the present study and the concat- The concept of spillover for any virus assumes a large percentage of individuals of the same species infected causing this infection to reach other hosts of different species (Power & Mitchell, 2004) .
The occurrence of 19 cases of humans infected with this lineage due to aggression by C. jacchus during the years 1990 to 2016
suggests that the number of infected marmosets should be higher than the 59 cases diagnosed in the period.
Although non-human primates have been described with spillover infections in other localities, all are believed to be dead-end infections (Gautret et al., 2014; Mani, Sundara Raju, Ramana, Anand, & Prakash, 2016) . As such, suggested RABV perpetuation among Thus, the results of this study highlight the need for a programme focused on the enhanced surveillance of RABV in view of the obvious risks to public health and for additional evidence to support our finding that C. jacchus maintains rabies independently in its subpopulations.
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